Synthetic diacylglycerol lactones (DAG-lactones) have been shown to be effective modulators of critical cellular signaling pathways. The biological activity of these amphiphilic molecules depends in part upon their lipid interactions within the cellular plasma membrane. This study explores the thermodynamic and structural features of DAG-lactone derivatives and their lipid interactions at the air/water interface. Surface-pressure/area isotherms and Brewster angle microscopy revealed the significance of specific side-groups attached to the terminus of a very rigid 4-(2-phenylethynyl)benzoyl chain of the DAG-lactones, which affected both the self-assembly of the molecules and their interactions with phospholipids. The experimental data highlight the formation of different phases within mixed DAG-lactone/phospholipid monolayers and underscore the relationship between the two components in binary mixtures of different mole ratios. Importantly, the results suggest that DAG-lactones are predominantly incorporated within fluid phospholipid phases rather than in the condensed phases that form, for example, by cholesterol. Moreover, the size and charge of the phospholipid headgroups do not seem to affect DAG-lactone interactions with lipids.
Introduction
Lipophilic second messenger sn-1,2-diacylglycerol (DAG) is a prominent factor in numerous signal transduction pathways associated with the onset of cancer.
1,2 Enzymes from the protein kinase C (PKC) family in particular have been identified as central mediators in DAG signaling and as attractive targets for cancer chemotherapy. 3 In recent years, the Marquez laboratory has been intensively exploring pharmacophore-guided approaches to the synthesis of conformationally restricted DAGs as potent modulators of PKC. 4 Libraries of DAG-lactones exhibiting different functional moieties have been constructed, and members of such libraries were shown to effectively translocate PKC to membranes and induce a number of downstream events such as apoptosis, AP-1 activation, and cell proliferation inhibition. 5 Previous results obtained with DAG-lactones containing acyl chains with an ensemble of repetitive oligo(p-phenyleneethynylene) units that form a rigid rod showed that the ideal length of the rod consisted of two units as represented by compound 3 (Table 1) . 6 Because the end residue of the rod is believed to interact with the inner layer of the membrane and could modulate its surrounding environment, we have focused on a group of compounds in which the acetylene terminus of 3 has been replaced with other residues, including hydrogen, methoxy, or phenyl, designed to explore the roles of R residues of different sizes and electronic properties (Table 1) .
The compounds depicted in Table 1 showed similar binding potencies for recombinant PKC-R, assayed by competition for binding with [20-3 H]phorbol 12,13-dibutyrate in the presence of 100 µg/mL phosphatidylserine (Table 1) . It is recognized, however, that the phospholipids represent a half-site for the ligand binding along with the C1 domains of the PKC, and these assay conditions are optimized for the contribution of the lipids. Under physiological conditions, in contrast, the specific lipid environment will be colimiting along with the ligand, and differences in ligand -phospholipid interactions would thus be expected to affect the formation of complexes with other signaling or scaffolding proteins that facilitate signal transduction and confer specificity for individual PKC isoforms by regulating their activity and cellular localization. [8] [9] [10] Furthermore, these signaling complexes are not confined to the plasma membrane alone but are also found on various cellular membranes, including Golgi, mitochondrial, and nuclear membranes, all of which have different lipid compositions.
11,12 Therefore, it is not surprising that the specific nature of the side chains on the phorbol or DAG-lactone templates has been found to make a major contribution to their selectivity of action. [4] [5] [6] This study seeks to characterize the interactions between the side chains of DAG-lactones and constituents of physiological membranes, viz., phospholipids and cholesterol. The thrust of this work is that a better understanding of lipid interactions will guide efforts at ligand design to exploit variations in membrane composition, whether between different membrane compartments within the same cell or differences between cell types.
Numerous studies have analyzed the self-assembly and molecular organization at the air/water interface (i.e., Langmuir trough). In particular, Langmuir monolayers constitute an effective vehicle for studying self-assembly properties of amphiphilic molecules and their lipid interactions and membrane association.
13-15 Langmuir monolayers have been particularly informative as models for studying organization and membrane interactions of membrane-active peptides and other amphiphilic biomolecules. The preferred localization of amphiphilic biological molecules at the water surface and the presence of a defined interface constitute an environment in which membrane-active molecules can self-assemble. [13] [14] [15] Particularly important in the context of studying membrane interactions of biological molecules has been the deposition of phospholipid monolayers at the air/water interface. 13 Phospholipid monolayers have been employed in various investigations of peptide-membrane interactions, yielding information both on the cooperative properties of lipid-interacting peptides and on the organization and disruption of the lipid layers following interactions of amphiphilic species. 13, 14 In most instances, physical and morphological analyses of Langmuir film/peptide assemblies have been conducted by thermodynamic methods (pressure-area isotherms) and microscopy techniques (fluorescence microscopy and Brewster angle microscopy). 19 Here we present a thermodynamic and Brewster angle microscopy analysis of DAG-lactone properties at the air/water interface and their interactions with lipid monolayers. The experiments reveal significant differences in self-assembly properties of the compounds and the effects of the R residues upon lipid interactions.
Materials and Methods
Synthesis. Detailed description of the synthetic routes and product characterization are found in the Supporting Information. Briefly, the core lactone (5,5-bis(hydroxymethyl)-3-(methylethylidene)-γ-butyrolactone) 6 was monoprotected with the p-methoxyphenyl (PMP) group and acylated at the sn-1 position with a series of polyaromatic carboxylic acids with different terminal R groups. The carboxylic acids were prepared by Sonogashira coupling 16 of 1,1-dimethyl-1-silaethyl 4-ethynylbenzoate with the corresponding p-substituted aryl iodides, similar to the preparation of 3. 6 After cleavage of the trimethylsilylethanol protecting group, the carboxylic acids were obtained in crystalline form and used without further purification for the coupling reaction with the protected lactone. The coupling was performed by reacting the carboxylic acids with the lactone in the presence of BOPCl and DMAP. 17 All final products were obtained in good yields after final deprotection of the PMP group (Scheme 1).
Materials. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG), and cholesterol were purchased from Avanti Polar Lipids (Alabaster, AL). Chloroform (CHCl 3 ) was HPLC grade (Frutarom Ltd.).
Parent solutions of the phospholipids and DAG-lactones were prepared by dissolution in chloroform to a concentration of 2 mM. The various mole fractions were prepared by mixing the appropriate amounts of parent solutions of each compound.
The water subphase used in the Langmuir trough was doubly purified with a Barnstead D7382 water purification system (Barnstead Thermolyne Corporation, Dubuque, IA), yielding 18.3 mΩ resistivity.
Analysis Values represent the mean ( standard error (three determinations). The octanol/water partition coefficients (log P) were calculated according to the atom-based program MOE Slog P.
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Translocation of GFP-Tagged PKC Isoforms in CHO Cells. CHO cells were purchased from the American Type Culture Collection (Manassas, VA) and cultured in F12-K medium supplemented with 10% fetal bovine serum and antibiotics (50 units/mL penicillin and 0.05 mg/mL streptomycin). CHO cells plated onto T delta dishes (Bioptechs Inc., Butler, PA) were transfected with GFPtagged PKC-R or PKC-δ using Lipofectamine reagent (Invitrogen, Carlsbad, CA). For confocal images, cells were examined with a Zeiss LSM 510 confocal microscope (Carl Zeiss Inc., Thornwood, NY) with an Axiovert 100 M inverted microscope operating with a 25 mW argon laser tuned to 488 nm. Cells were imaged with a 63 × 1.4 NA Zeiss Plan-Apochromat oil-immersion objective and with varying zooms (1.4 to 2). Time-lapse images were collected every 30 s using Zeiss AIM software in which the green emission was collected in a PMT with an LP 505 filter.
Surface-Pressure/Area Isotherms. All surface-pressure/area isotherms were recorded using a computerized Langmuir trough (model 622/D1, Nima Technology Ltd., Coventry, U.K.). The surface pressure was monitored using 1-cm-wide filter paper as a Wilhelmy (8) plate. For each isotherm experiment, the desired amount of DAGlactone or lipid/DAG-lactone mixture in chloroform (total concentration of 2 mM) was spread on the water subphase and equilibrated for 15 min, allowing for solvent evaporation prior to compression. Compression was carried out at a constant barrier speed of 8 cm 2 min -1 . Each isotherm represents three experimental runs, which were reproducible within an error of 1.0 Å 2 molecule -1 .
Brewster Angle Microscopy (BAM). The Brewster angle microscope (NFT, Gottingen, Germany) mounted on a Langmuir film balance was used to observe the microscopic structures in situ. The light source of the BAM was a frequency-doubled Nd:YAG laser with a wavelength of 532 nm and 20-70 mW primary output power in a collimated beam. The BAM images were recorded with a CCD camera. The scanner objective was a Nikon superlong working distance objective with nominal 10× magnification and a diffractionlimited lateral resolution of 2 µm. The images were corrected to eliminate side ratio distortion originating from a nonperpendicular line of vision of the microscope. Table 1 depicts the chemical structures of the DAG-lactone derivatives examined in this work, which incorporate a rigid 4-[2-(R-phenyl)ethynyl]benzoate moiety in the acyl position. 6 Because these highly conjugated systems tend to form molecular aggregates and incorporate within membrane bilayers, the air/ water experiments were designed to explore the effect on molecular aggregation and lipid interactions of changing the chemical nature of the terminal R group at the end of the chain of the most important prototype (compound 3) that was discovered earlier. 7 In particular, we aimed to probe whether the shapepersistent architecture of DAG-lactones 1-4 would induce important changes in organization and lipid interactions.
Results
Membrane Translocation Analysis. might play in directing specific molecular interactions between the DAG-lactone ligands and their biological targets.
Individual DAG-lactone Derivatives at the Air/Water Interface. Figure 2 depicts thermodynamic analyses of compounds 1-4 compressed at the air/water interface (surfacepressure/area (π-A) isotherms) and Brewster angle microscopy (BAM) images recorded at distinct surface pressures that were designed to probe the occurrence and configurations of condensed domains within the DAG-lactone monolayers. 19, 20 The data shown in Figure 2 demonstrate that significant differences exist among the four DAG-lactones in term of their self-assembly properties. The π-A isotherm and BAM data of 3 depicted in Figure 2C point to distinct differences in monolayer properties compared to those of 1 and 2, reflecting the distinctive properties of the triple-bond residue (Table 1) . Importantly, a condensed phase is formed almost immediately following the deposition and initial compression of the molecules, as exemplified in the circular domains present within the monolayer (BAM image recorded at 9 mN/m, Figure 2C ). Following film collapse at 45 mN/m, the agglomeration of separate domains of 3 into a uniform film occurred ( Figure 2C ).
The thermodynamic profile of 4, exhibiting the phenyl side residue, is shown in Figure 2D . The steep increase in surface pressure in the initial compression stage corresponds to a condensed phase with a limiting molecular area of 20 Å 2 /molecule. Consistent with the isotherm properties, the BAM image taken at approximately 7 mN/m shows that large condensed domains were formed even at low surface pressures, covering almost the entire water surface ( Figure 2D ). Further compression led to monolayer collapse (transition apparent in the π-A isotherm at 40 mN/m), giving rise to the bright multilayered film apparent in the BAM image.
Mixed Monolayers of DAG-lactones and DMPC. Figures  3-6 depict the thermodynamic and BAM analyses of mixed monolayers comprising the DAG-lactone derivatives and dimyristoylphosphatidylcholine (DMPC), a saturated zwitterionic phospholipid widely used in model membrane studies. 25 The experiments summarized in Figures 3-6 were designed to examine the effect of the phospholipids on the film organization and determine to what extent the R residues influence the interactions of the DAG-lactones and the phospholipids. Figure 3A presents the π-A isotherms of mixed monolayers of 1 and DMPC, where each isotherm was acquired for a different 1/DMPC mole ratio. (The bold isotherm on the left corresponds to pure 1, and the broken isotherm on the right was pure DMPC.) The compression isotherms in Figure 3A demonstrate that the LE-LC transition of 1 (observed at around 10 mN/m in pure 1, bold isotherm in Figure 3A ) appeared at increasingly higher surface pressures as the DMPC concentration in the film was increased. This result indicates that the addition of DMPC significantly stabilized the liquid-expanded phase of 1, resulting in the occurrence of the LE-LC phase transition at higher surface pressures ( Figure 3A , second and third isotherms from the left). This transition is completely eliminated at DMPC concentrations above 30% ( Figure 3A , fourth isotherm from the left). Beyond this threshold, the LC-solid transition, which is apparent in the isotherm of pure 1 at 15 mN/m, disappeared. Indeed, only a liquid-expanded phase is observed when the concentration of phospholipids in the monolayer exceeds 30% (fourth to ninth isotherms from the left in Figure 3A ). Evaluating the extent of intermolecular interactions in monolayers comprising two components is aided by the application of the additivity rule. 26 In the context of the binary monolayers of DAG-lactone and DMPC, the additivity rule predicts that in case of an ideal mixture (i.e., the two molecular components do not interact with each other) the mean molecular area (A mean ) at a given surface pressure will be essentially equal to the weighted average
where X DAG-L and A DAG-L are the mole fraction and molecular area of the pure DAG-lactone, respectively. X DMPC and A DMPC similarly correspond to the DMPC mole fraction and molecular area in a pure DMPC monolayer, respectively. Thus, a comparison of the actual experimentally obtained mean molecular areas with the values predicted by the additivity rule provides important insight into the extent of miscibility and interactions in the binary monolayer.
14,26 Figure 3B depicts the average molecular areas in relation to the DMPC mole fractions, extracted from the isotherms in Figure  3A . The straight broken lines in Figure 3B correspond to values predicted according to the additivity rule (eq 1) (i.e., an ideal mixture). Indeed, the experimental values extracted at a low surface pressure of 5 mN/m ( Figure 3B , filled squares) fall almost exactly on the straight broken line, indicating that in all mixed monolayers examined DAG-lactone 1 does not interact with DMPC. The observation of an ideal mixture at 5 mN/m is most likely ascribed to the fact that both molecules adopt a fluid liquidexpanded phase at this surface pressure, minimizing molecular interactions between them.
At 25 mN/m, however, a slight negative deviation from the straight line is detected up to an DMPC mole fraction of 0.2, followed by a positive deviation for all other binary compositions (empty squares in Figure 3B ). The negative deviations (i.e., smaller molecular areas than the ones predicted from an ideal mixture) are possibly related to the different organization of the condensed DAG-lactone domains in the mixed monolayers. Indeed, the BAM images in Figure 3C that were recorded after the LE-LC phase transition (surface pressure of 15 mN/m) were feature domain structures that were different than the configurations observed in monolayers of pure 1 (Figure 2A) . Furthermore, the condensed regions were observed only in mixed monolayers containing at least 80% 1. This result is consistent with the isothermal analyses in Figure 2A ,B, indicating that monolayers in which the DMPC mole ratio exceeds 0.3 comprise a single fluid phase in which the two components are completely miscible. Figure 4 depicts the thermodynamic and BAM analysis of 2/DMPC monolayers. The isotherms recorded for the 2/DMPC mixtures ( Figure 4A ) point to the formation of a dominant LE phase when higher phospholipid concentrations are incorporated into the DAG-lactone monolayer, resulting in a progressive increase in the LE-LC transition pressure. Specifically, the transition occurring at 7 mN/m in pure 2 (bold isotherm in Figure  4A) shifted to approximately 13 mN/m in the monolayer containing 10% DMPC (second isotherm from left in Figure 4A ) and to approximately 17 mN/m for 20% DMPC (third isotherm from left). Indeed, similar to the mixed monolayers of 1 and DMPC described above ( Figure 3A) , the 2/DMPC monolayers turn completely LE beyond a DMPC mole ratio threshold of 0.4 (fifth isotherm from left in Figure 4A) .
The additivity rule analysis in Figure 4B , however, reveals significant differences between lipid interactions of 2 and 1. In particular, whereas at a low surface pressure of 5 mN/m the 1/DMPC monolayers looked like ideal mixtures (thus yielding mean molecular areas predicted by the additivity rule, filled squares in Figure 3B ), the monolayers of 2 and DMPC at the same surface pressure exhibited significant positive deviation at all mole fractions ( Figure 4B , filled squares). Differences in 2/DMPC interactions compared to 1/DMPC interactions are also apparent in the molecular areas extracted at 25 mN/m ( Figure  4B , empty squares). The 2/DMPC monolayers with DMPC mole ratios greater than 0.3 yield molecular areas according to the additivity rule ( Figure 4B, empty squares) . This result stands in contrast to the 1/DMPC monolayers for which a slightly positive deviation from the additivity rule was detected ( Figure 3B , empty squares).
The BAM images shown in Figure 4C further illustrate the effect of DMPC upon the 2D organization of 2. The BAM images, recorded at 20 mN/m, demonstrate the pronounced shrinking of the condensed 2 domains as the DMPC mole fraction increases. This phenomenon is consistent with the predominance of the LE phase in the mixed 2/DMPC films evident in the isothermal analysis ( Figure 4A) . The segregation and contraction of the condensed domains of 2 might account for the negative deviation from the additivity rule in monolayers displaying high 2/DMPC mole ratios ( Figure 4B, empty squares) . Similar to the situation for 1/DMPC mixture discussed above, a slight variation of the molecular organization with the condensed 2 domains embedded within the fluid DMPC phase might account for the smaller molecular areas recorded (i.e., negative deviation from the additivity rule).
The condensed 2 domains completely disappear at the threshold DMPC mole ratio of 0.4 (BAM data not shown). Indeed, an ostensible threshold of DMPC mole fraction distinguishing between two distinct monolayer configurations is further supported by an examination of the collapse pressures of the monolayers in Figure 4A . The collapse pressures for the 2/DMPC monolayers up to 0.3 DMPC mole fraction appear to be constant at 45 mN/m, reflecting the collapse of the condensed 2 domains. In contrast, in monolayers containing higher concentrations of DMPC the collapse pressures are lower by 3-5 mN/m and are further modulated according to the ratio between the DMPC and 2. This observation is ascribed to the formation of an LE phase in which the two molecules are miscible, resulting in a collapse pressure determined according to the mole ratio in the monolayer. Figure 5 depicts an air/water interface analysis of 3/DMPC mixtures. A dramatic effect is apparent when DMPC is added to mixed monolayers. The addition of as little as 10% DMPC to a monolayer of 3 significantly alters the film properties: whereas the monolayer of pure 3 exhibits an LC phase beginning in the initial compression all the way to the final collapse ( Figure 2C , above), 3/DMPC (9:1 mol ratio) exhibits a pronounced initial LE phase up to an LE-LC transition at around 6 mN/m ( Figure  5A , second isotherm from the left), which did not exist in the isotherm of pure 3. The surface pressure in which the LE-LC transition occurred appeared to be correlated to the mole ratio of DMPC in the mixed monolayers. This is expected because DMPC stabilizes the LE phase of the monolayer; indeed, a sole fluid phase was apparent in the monolayers having a DMPC mole ratio of 0.7 or higher (three isotherms on the right in Figure  5A ).
The additivity rule diagram in Figure 5B reflects the interactions between 3 and DMPC. In particular, the formation of a fluid monolayer when DMPC is added to 3 is manifested in the substantial divergence from the broken line of the molecular areas extracted at 5 mN/m ( Figure 5B, filled squares) . Note, however, that all molecular area values corresponding to the mixed 3/DMPC monolayers at 5 mN/m ( Figure 5B , filled squares), essentially tracing a straight line (shown as a dotted line in Figure  5B ), suggesting insignificant molecular interactions between the two components in the fluid phase.
The mean molecular areas of the 3/DMPC monolayers calculated at 25 mN/m ( Figure 5B , empty squares) point to negative deviations from the additivity rule up to a 1:1 (3/DMPC) ratio. Such deviations are similar to the results obtained for 2/DMPC monolayers at high surface pressure ( Figure 4B discussed above) and again probably reflect different organization within the condensed domains of 3, as revealed in the BAM images in Figure 5C . Indeed, the BAM data demonstrate that the condensed "spheres" of 3 are becoming smaller and significantly more abundant as relatively more DMPC molecules are incorporated into the monolayers ( Figure 5C ). Figure 6 presents the thermodynamic and microscopic analysis of 4/DMPC monolayers at the air/water interface. The inclusion of DMPC did not appear to alter the predominant LC phase of 4 at the air/water interface, up to very high concentrations of the phospholipid ( Figure 6A ). Intriguingly, even though the addition of DMPC did not affect the condensed phase of 4, the phospholipids induced pronounced film collapse at 40 mN/m. This transition has hardly been detected in the monolayer of pure 4 (left isotherm in Figure 6A ). The collapse pressure of 4 at 40 mN/m barely changed upon varying the 4/DMPC ratio ( Figure  6A ), indicating that the two molecular constituents are immiscible in the mixed films. This interpretation is supported by the appearance of an additional collapse in the isotherms of the mixed monolayers at around 45 mN/m, ascribed to DMPC ( Figure 6A) .
The additivity rule analysis ( Figure 6B ) and BAM data ( Figure  6C ) lend further support to the apparent segregation between 4 and DMPC in the mixed monolayers. Specifically, the mean molecular areas calculated for the monolayers at different compositions appear to be very close to the broken lines at the two surface pressures, corresponding to ideal mixtures ( Figure  6B ). The BAM images in Figure 6C similarly show that the mixed films comprise both of the condensed regions of 4 (brighter domains) interfaced with the fluid DMPC monolayer (dark background). 
DAG-lactone Interactions with Cholesterol and with
Negative Phospholipids. Whereas Figures 3-6 examine the effects of DMPC, which is a zwitterionic phospholipid present in physiological membranes, upon the organization and thermodynamic properties of the DAG lactone derivatives we further investigated the contribution of other membrane constituents having different structural and electronic properties, including cholesterol 27 and negatively charged dimyristoylphosphatidylglycerol (DMPG) 28 (Figure 7 ). Figure 7 presents the π-A isotherms of 3 mixed with DMPC/cholesterol ( Figure 7A ) and in mixed monolayers with DMPG ( Figure 7B ). Importantly, although Figure 7 summarizes the interactions of cholesterol and DMPG with 3, qualitatively similar results were obtained for the other DAG-lactones studied (data not shown). Figure 7A depicts the results of the isothermal compression of 3 mixed with DMPC/cholesterol solutions at equimolar concentrations of the lipids. The DMPC/cholesterol monolayer (1:1 mol ratio) adopts a uniformly liquid-condensed phase, 29 giving rise to the steep π-A isotherm shown in Figure 7A (solid isotherm on the right). The effect of incorporating 3 within the monolayer, however, is dramatic. The isotherm of 3/DMPC/ cholesterol (5:2.5:2.5 mol ratio, dotted curve in Figure 7A ) features a pronounced liquid-expanded phase over a significant molecular area range. Importantly, the shape of the isotherm is almost identical to the one obtained for 3/DMPC (no cholesterol) at a 7:3 mol ratio as depicted in Figure 5A (fourth isotherm from the left).
Furthermore, the isotherm of 3/DMPC/cholesterol (9:0.5:0.5) in Figure 7A (broken curve) has a very strong resemblance to the 3/DMPC (9:1) isotherm in Figure 5A (second isotherm from the left). The monolayer compression results for both mixtures of 3/DMPC/cholesterol suggest that DAG-lactone exhibits a much more pronounced interaction with DMPC than with cholesterol.
Indeed, the isotherm of 3/DMPC/cholesterol (9:0.5:0.5) (broken line, Figure 7A ) highlights the striking fluidization effect of incorporating just 5% DMPC into the film, transforming the LC phase observed either in the case of 3 by itself (solid curve in Figure 7A , left) or in the DMPC/cholesterol monolayer (solid curve in Figure 7A , right) into a new LE phase of the 3/DMPC/ cholesterol mixture.
π-A isotherms recorded for 3/DMPG monolayers are depicted in Figure 7B . DMPG exhibits an LE-LC phase transition at 1 6mN/m, which is significantly modified when 3 is further incorporated into the monolayers (both broken and dotted isotherms in Figure 7B ). The shapes of the isotherms at the two 3/DMPG molecular ratios examined (dotted and broken curves in Figure 7B ) match to a very high degree the corresponding compression data of the 3/DMPC monolayers (depicted in Figure  5A ), indicating that the phospholipid headgroups probably do not play a significant role in the interactions with the DAGlactones.
Discussion
The surface-pressure/area isotherms and BAM data in Figures  1-6 illuminate the self-assembly properties and lipid interactions of DAG-lactone derivatives displaying different side residues. Overall, the experimental data underscore two main conclusions. First, the side groups R of the DAG-lactones examined ( Figure  2 ) intimately affected the assembly properties and lipid interactions of the molecules, and second, lipid interactions play a significant role in the monolayer organization of the molecules.
The π-A isotherms in Figure 2 point to clear correlations between the molecular properties of the DAG-lactones, particularly the contribution of R and the organization at the air/ water interface. Thus, the conjugated π systems extending to side chain R in 3 and 4 result in strong π-stacking interactions leading to characteristic condensed-phase behavior throughout the entire surface-pressure range of the compression isotherms ( Figure 2C,D) . In contrast, the R residues in 1 and 2 contribute minimally to interactions with adjacent molecules, resulting in LE phases of both DAG-lactones at low surface pressures ( Figure  2A,B) . 1, for example, exhibits the most pronounced liquidexpanded phase, extending over molecular areas of more than 30 Å 2 (Figure 2A ). This result is ascribed to the presence of the hydrogen as R. In comparison, 2, in which R constitutes the bulkier methoxy residue, adopts a more compact monolayer and a less-pronounced LE phase (Figure 2B ), corresponding to the higher affinity between the molecules at the air/water interface.
Experiments examining binary monolayers of DAG-lactones and DMPC (Figures 3-6 ) reveal an interesting interplay between the two constituents. In particular, R appears to be intimately involved in the interactions of the DAG-lactones with the phospholipid molecules. A pronounced effect of DMPC, which is specifically apparent for DAG-lactones 2 and 3, was the predominance of the LE phase within the mixed monolayers. Thus, the LE-LC transition of 2 and 3 ( Figures 4A and 5A , respectively) appeared at progressively higher surface pressures as the ratio between DMPC and the DAG-lactones increased.
The direct relationship between phospholipid concentration and LE-LC surface pressure is an indication of the miscibility of the two components. An elucidation of the extent of miscibility within mixed films is aided by the application of the Crisp phase rule, 30 applied in this work for the analysis of the relationship between the surface pressure and the molecular area at the phase transitions. Specifically, for a two-component monolayer, the Crisp rule determines that the number of degrees of freedom at the interface between the two molecular species corresponds to F ) 3 -q, where q is the number of surface phases at equilibrium with each other. 22, 31 This simple equation essentially indicates that when the two components are miscible only two uniform phases will be present in equilibrium at a phase transition (i.e., q ) 2). Thus, in this situation the system would possess one degree of freedom, implying a first-order relation between the transition pressure and film composition. Conversely, if the two components are immiscible, then three surface phases will coexist at a phase transition (of one of the components) and accordingly zero degrees of freedom. This will result, for example, in constant surface pressure during the phase transition in such films.
The application of the phase rule provides insight into the extent of miscibility of the DAG-lactones and DMPC. For 2 and 3, increasing the DMPC mole ratio destabilizes the condensed phase of the DAG-lactone, causing a gradual increase in the surface pressure of the phase transition until the LC phases completely disappear when the DMPC concentration in the monolayer approaches 40% (Figures 4A and 5A) . Accordingly, these data indicate a dependence of the LE-LC phase transition upon film composition (i.e., one degree of freedom) and thus miscibility within the mixed monolayers. In contrast, the constant collapse pressure at around 40 mN/m observed in 4/DMPC monolayers with different mole ratios ( Figure 6A ) points to the immiscibility of the two molecular species (zero degrees of freedom).
The data clearly indicate that the stronger the self-assembly of the DAG-lactones at the air/water interface the weaker the dissolution effect that DMPC exerts upon the condensed phases of the molecules toward the formation of a liquid-expanded monolayer. A particularly intriguing result in that regard concerns the mixed 3/DMPC monolayers ( Figure 5 ). In that system, the incorporation of as little as 10% DMPC into a monolayer of 3 significantly altered the film properties, transforming the monolayer into a highly fluidic film.
A comparison of the experimentally determined mean molecular areas with the values predicted from the additivity rule provides another powerful tool for evaluating the interactions of the DAG-lactones with DMPC. The absence of significant interactions was generally observed either in the complete LE phases of the mixed monolayers or in situations in which the condensed phase of the DAG-lactone derivative was segregated from DMPC (particularly in the 4/DMPC monolayers). Negative deviations from the additivity rule were observed, however, in films exhibiting higher DAGlactone/DMPC ratios, indicating that the condensed domains of the DAG-lactones in such films were organized slightly differently as compared to the pure compounds. Interestingly, repulsion between the DAG-lactones and the DMPC molecules was also detected for 1 (at high surface pressure) and for 2 (at low pressure), respectively, leading to positive deviations from the additivity rule. Overall, the additivity rule analyses demonstrate that mutual effects exist between the DAGlactones and DMPC and, furthermore, that interactions between the two constituents were significantly modulated by R.
Additional experiments probed the contributions of cholesterol and negatively charged phospholipids, respectively, upon the interactions and surface organizations of the DAG-lactones (Figure 7) . Data obtained for 3 demonstrated a clear preference of the DAG-lactone to adopt a fluid phase with DMPC rather than incorporating into the condensed phase of cholesterol ( Figure  7A ). This result might be biologically significant because cholesterol is known to form condensed lipid domains (sometime referred to as "lipid rafts") in physiological membranes. 32 Ligands excluded from such domains might therefore selectively regulate PKC responses that do not involve lipid raft signaling complexes.
The comparison between the compression profiles of 3 with DMPC and DMPG ( Figure 7B) showed that the assembly properties of the DAG-lactone do not depend upon the type and charge of the phospholipid headgroup. These results also suggest that the fluidity of the lipid phase is a primary factor affecting the membrane association of DAG lactones. Finally, it should be borne in mind that the actual concentrations of the DAGlactones under typical biological conditions correspond to appreciably lower DAG-lactone/phospholipid ratios than those applied in this study, so the principles emerging from the current studies need to be extrapolated to predict the biological behavior in actual membranes.
